Abstract -Wood splitting is a defect in eucalyptus which results in considerable losses when converting logs to solid wood products. Commonly in forestry, molecular markers are identified through studying pedigrees from a single cross. This limits the application of these markers to that population. Here we report the identification of putative molecular markers linked to wood splitting in an open-pollinated Eucalyptus grandis population. Although the power to detect molecular markers in this population is low, the resultant markers are likely to be more robust and be transferred to non-related populations. Bulked segregant analysis was used in the identification of markers from high and low splitting individuals that were selected by means of backward selection using Best Linear Prediction. The bulks were screened for differences using amplified fragment length polymorphic and random amplified polymorphic DNA primers. Following regression analysis one putative sequence characterized amplified region has been linked to splitting.
INTRODUCTION
Growing pressure to stop the harvesting of indigenous forests has resulted in an international shift towards plantation grown hardwoods. To date only approximately 10% of the world's needs for hardwoods come from plantations. Eucalyptus is an important plantation species and is the most widely planted hardwood species in the tropical and subtropical regions.
Eucalyptus grandis is the most extensively grown eucalypt species in South Africa. This species boasts good growth in most forestry areas. It is suitable for pulp wood production but its suitability for sawn timber production is limited by its tendency to split. Wood splitting results in significant losses when converting logs into solid wood products. Currently wood splitting can only be assessed after felling the trees from the age of 6 years onwards due to late expression of the trait. The need for destructive sampling and the late expression of the trait are serious constraints in breeding programmes for sawn timber. Wood splitting is a heritable trait but is also under environmental influence. Narrow sense heritablities of between 0.3 and 0.6 (Verryn, 2001 , personal communication) have been reported. It is assumed that wood splitting is a polygenic trait.
At present conventional tree breeding techniques have been successfully used to improve the quality of eucalypts plantations to produce high quality logs. However, the availability of molecular markers for wood splitting would be of great advantage for any Eucalyptus sawn timber breeding programme.
In forestry, marker development is generally based on a limited number of crosses with the resultant markers being only applied to a small number of trees. Due to the limited application and the high costs involved, marker-assisted selection is not yet routinely applied in tree breeding programmes [9] . In our research we explored the possibility of developing more robust markers that could also be used on non-related E. grandis populations.
The aim of our research was to use the tools provided by molecular biology in combination with quantitative genetics and statistics to develop a non-destructive and early screening method to identify E. grandis seedlings or young plants that are low splitters.
MATERIALS AND METHODS
Two unrelated, open pollinated E. grandis trials were used in this study. The first trial, called the development trial was used to identify putative molecular markers linked to splitting. This trial is an open-pollinated population grown from local unimproved P 0 selections from South African plantations. A total of 10 high splitting and 16 low splitting trees were selected from this trial by means of backward selection. Backward selection ranks individuals on their progenies' performance. The backward selection was performed by means of Best Linear Prediction (BLP). Theoretically the BLP gives the best correlation between the true genetic value and the predictive genetic value. This was done using the programme Matgen 5.6, a BLP package for unbalanced index selection in tree breeding [5] .
The second trial was used as a verification trial and the individuals were selected by means of forward selection where individuals are evaluated based on their own performance. A total of 21 high splitting and 31 low splitting trees were selected from a total of 750 trees. The verification trial is an open-pollinated population that has been established from seed imported from Florida, USA.
The trees were evaluated for splitting using a splitting score which took into consideration the number, the length and width of the cracks. The splitting scores were then corrected for the diameter of the tree.
DNA was isolated from leaf material collected from each of the 78 trees belonging to the 2 trials following the modified protocol of Rogers and Bendich [3] . Two molecular marker techniques were used in the generation of DNA fingerprints for the identification of polymorphisms. These were RAPDs (Random Amplified Polymorphic DNA) [8] and AFLPs (Amplified Fragment Length Polymorphism) [6] . All the resulting bands were scored on a scale ranging from 0 to 4 according to the intensity of the bands. A score of 0 represented the absence of a band and a score of 4 a very dark band.
In addition the bulked segregant analysis (BSA) [2, 7] technique was used to identify markers linked to the gene/s coding for splitting/non-splitting. This technique has proved to be very successful in populations resulting from a single cross that segregate for the trait of interest. We used the BSA technique on an open-pollinated population, which is likely to be in linkage equilibrium. Linkage disequilibrium between marker alleles and QTL alleles, is however, a prerequisite for marker detection, as unlinked markers and markers in linkage equilibrium with QTL are expected to be randomly distributed across bulks [1] . Only markers that are very tightly linked to the QTL are likely to show linkage disequilibrium. The power of detection is drastically reduced by targeting only very closely linked markers. High numbers of potential markers need to be analysed. If, however, markers are found, these are likely to be more robust and may be valid for more than just the population that was used to develop them. Another challenge is to find more than one marker linked to splitting since we assume this trait to be polygenic.
Two DNA bulks/pools were initially made for each trial, one being the high splitting bulk and the other the low splitting bulk. The principle of DNA pooling/bulking is the grouping together of informative individuals for a specific trait so that a particular genomic region can be studied in a randomised genetic background of unlinked loci [7] . The RAPD technique uses random 10-base oligonucleotides as primer and the polymerase chain reaction (PCR) to amplify specific DNA fragments. The RAPD primers were obtained from UBC RAPD primer set. The RAPD primers that showed polymorphisms between the bulks were then tested in the individuals making the bulks. The polymorphic bands were considered "putative markers" if they were present in 4 or more individuals of one of the unbulked populations and absent in the other unbulked population. In total 828 RAPD primers were tested in the first trial.
We attempted to convert the "putative" RAPD markers into SCAR (sequence characterized amplified regions) markers. The SCARs were derived by cloning and sequencing the 2 ends of the amplified products of the RAPD marker. The sequence was then used to design oligonucleotide primer pairs of 19-24mer that result in the reproducible amplification of single loci when high annealing temperatures are used. The AFLP technique uses genomic DNA digested with restriction enzymes as a PCR template. In this technique the binding between short PCR primers and DNA restriction fragments is very specific. We used the Mse1/EcoR1 and Mlu1/Mse1 restriction enzyme systems. The fingerprints generated were scored for polymorphisms in the same way as the RAPD fingerprints.
The statistical analysis aimed at finding models that use the scores of a limited number of fragments to predict wood splitting in E. grandis. Using the data sets generated from the RAPD scores for the development trial, a number of models were developed to predict splitting using the statistical package SAS [4] . The data set which was used for the development of the models consisted of over a thousand fragments for each of the 26 trees of the first trial -this corresponds to data generated from 91 RAPDs and 4 AFLPs.
Stepwise (forward) regression was performed on the data set to identify any set of fragments that were possibly linked to either high or low splitting. The fragments that together described the variation in the splitting index value were combined in a regression equation that may be used to predict splitting.
Regression models were generated using the model development trial data set and were tested on the verification trial data set. The models that were developed were verified by entering the scores of the fragments from the verification data set into the regression equations. This resulted in the predicted values for wood splitting for the 31 low and 21 high split trees. The predicted value was then compared to the observed value by means of a correlation coefficient. Significant and high correlations may indicate linkage between the DNA bands and wood splitting genes.
RESULTS
A total of 118 RAPD primers showed polymorphisms in the first trial and were used to generate fingerprints of the 52 unbulked individuals that formed the verification trial. Figure 1 shows the RAPD fingerprint of the unbulked individuals of the development trial for RAPD A. Two RAPD polymorphic bands were converted into SCARs. The SCAR markers were verified by hybridisation with the corresponding DIG-labelled RAPD bands. The results of the hybridisation showed that RAPD B putative marker was successfully converted into a SCAR marker and was present in the individuals for which the RAPD "putative marker" was originally present ( figure 2) . The RAPD A putative marker did not hybridise to the SCAR marker suggesting that the band cloned was not the correct band (results not shown). Two AFLP markers have also been converted into SCAR markers and the data is being analysed statistically.
Many regression models have been tested. The best correlation that was obtained was around 0.4 (significant at the 5% level). Some of the models gave no correlation between the predicted and the observed splitting scores, whereas some gave relatively weak but significant correlations. A perfect match between the observed and the expected value would give a correlation coefficient of 1.0. More models will be tested to further improve the correlation. The correlation of the predicted versus obtained splitting scores from the best model is shown in figure 3 .
DISCUSSION
Wood splitting seems to be a polygenic trait and it is therefore highly unlikely that a single DNA marker will be sufficient to distinguish between high and low splitting trees. The procedure of forward regression allows the development of models that are based on several DNA fragments. This increases the chances of finding fragments that are linked to more than one gene. A large number of fragments have to be screened and a large number of models have to be tested to increase the chances of obtaining a useful model. Once a useful model is obtained with a reasonable correlation a splitting index will be generated that will be used in breeding programmes. However the fact that the 2 trials are unrelated it may to a certain extent explain our difficulty in obtaining markers linked to splitting. Although ultimately we aimed at identifying a wood splitting marker that would work in basically all E. grandis material and would be linked to all the genes that are involved in splitting this may be too ambitious. The approach taken in this study using random populations and BSA had a low power to detect marker-QTL association compared to the traditional approaches which uses controlled-cross mapping populations. However the marker generation in the traditional approach is limited to the mapping population from which it was generated.
We have identified 2 other trials that are derived from the development trial and will be used as verification trials. A splitting index will then be generated for the development trial to be used by breeders using progeny derived from this original trial. We also need to identify a trial derived from the verification trial that can be used to verify the markers identified for this trial. Similarly a splitting index will be generated to be used by breeders using progeny originated from this trial. We are very confident that we will succeed in generating a set of molecular markers that can be used to help eucalyptus breeders to screen their tree material for low splitters.
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Observed Splitting Scores Predicted Splitting Scores
High splitters Low splitters Figure 3 . Scores predicted by a model versus observed splitting scores. The trees falling into the first and third quadrants have phenotypes which were predicted incorrectly.
